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Background: Bioenergy is re-shaping opportunities and imperatives of forest management. This study demonstrates,
through a case study in Scots pine (Pinus sylvestris L.), how forest bioenergy policies affect stand management strategies.
Methods: Optimization studies were examined for 15 Scots pine stands of different initial stand densities, site types, and
temperature sum regions in Finland. Stand development was modelled using the PipeQual stand simulator coupled
with the simulation-optimization tool OptiFor Bioenergy to assess three forest bioenergy policies on energy wood
harvest from early thinnings.
Results: The optimal solutions maximizing bare land value indicate that conventional forest management regimes
remain optimal for sparse stands. Energy harvests occurred only when profitable, led to lower financial returns. A forest
bioenergy policy which included compulsory energy wood harvesting was optimal for denser stands. At a higher interest
rate (4 %), increasing energy wood price postponed energy wood harvesting. In addition, our results show that early
thinning somewhat reduced wood quality for stands in fertile sites. For less fertile sites, the changes were insignificant.
Conclusions: A constraint of profitable energy wood harvest is not rational. It is optimal to carry out the first thinning
with a flexible forest bioenergy policy depending on stand density.
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Global interest in bioenergy, defined as energy produced
from biomass, has grown rapidly in recent years. In
Finland, renewable energy sources account for 24 % of
total energy consumption, and wood based fuels, includ-
ing wood processing residues, account for 20 % of total
energy consumption (Hakkila 2006). Modern bioenergy
includes liquid biofuels, biogas, and solid biomass for
heat and power generation, and forests remain an im-
portant source of bioenergy. The substitution of fossil
fuels by forest biomass in bioenergy production is an
important measure in climate mitigation. Carbon in for-
est biomass is sequestered through photosynthesis, and
released by decomposition and combustion. Therefore,
the utilization of forest biomass for energy is carbon-* Correspondence: cao@nwsuaf.edu.cn
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The environmental, social, and economic impacts of bioe-
nergy development depend greatly on local circumstances
(UN-Energy 2007). There are several policies and measures
in the EU that support bioenergy and stipulate targets
(McCormick and Kåberger 2007). For example, Finland
aims to increase the annual use of forest chips to 12 million
m3 by 2020 (Ministry of Agriculture and Forestry 2008).
Current Finnish government incentives and policy measures
for energy wood production include: (1) an environmental
tax exemption for wood-based fuels used for heat produc-
tion, (2) a general tax refund for power plants using forest
chips as fuel, and (3) a subsidy and financial aid for using
small-sized trees from precommercial thinning and for the
production and use of forest chips (Hakkila 2006).
Bioenergy provides opportunities to address environ-
mental, social, and economic challenges. The issues raised
by bioenergy development, such as energy security,distributed under the terms of the Creative Commons Attribution License
hich permits unrestricted use, distribution, and reproduction in any medium,
.
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development, will mainly be dealt with by bioenergy
policy. Nevertheless, bioenergy policy must be designed
and managed carefully in order to avoid new environ-
mental and social problems (UN-Energy 2007). Policy
design and assessment in climate change are based hea-
vily on models and simulations. At the European level,
Wetterlund et al. (2013) developed a techno-economic-
geographic optimization model to determine the optimal
locations of bioenergy conversion plants with focus on
the influence of different carbon cost and biofuel policies.
Based on integrated modeling of biomass production and
land use, Kraxner et al. (2013) presented an example of
global scale assessments for bioenergy production under
deforestation, land-use change, and other climate effect-
ive aspects to focus on policy design and its implementa-
tion. Their studies demonstrated that the integrated
assessment approach offers a useful tool for evaluating
bioenergy policy.
The source of forest bioenergy may include forest
chips and processing by-products. Forest chips, includ-
ing small diameter wood from young forests, logging
residues, and stumps, are from thinnings, and clearcut.
The potential utilization of forest biomass has been
studied intensively in recent years (Malinen et al. 2001;
Bolkesjø et al. 2006; Hakkila 2006; Alam et al. 2010), and
diverse energy wood production systems have been
proposed (Laitila et al. 2004; Jylhä and Laitila 2007;
Nurmi 2007; Laitila 2008). Ahtikoski et al. (2008) inves-
tigated the economic viability of energy wood produc-
tion from young stands based on six thinning methods.
By linking energy wood production and forest manage-
ment, Kärkkäinen et al. (2008) studied the recovery of
energy wood in different cutting and climate scenarios
in Finland. Their results were based on a linear pro-
gramming approach (Lappi 1992) which selected the
optimum combination of management regimes from a
predefined set of alternatives. Kotamaa et al. (2010) inte-
grated energy wood thinning and optimal bucking at
stand level. However, their thinning regimes were based
on silvicultural recommendations (Finnish Guidelines
for Good Silviculture 2006), rather than optimized. There
is little integration of energy wood production and forest
management optimization for enhancing thinning and
rotation regimes.
In contrast to energy wood from commercial thinning
and clearcut, the utilization of small diameter wood from
precommercial thinning may have important impacts on
stand development, and consequently affect thinning and
rotation regimes in the long run. Precommercial thinning
is a frequently applied silvicultural treatment in conifer
stands (Piene 1978; Pothier 2002; Varmola and Salminen
2004; Fahlvik et al. 2005; Huuskonen and Hynynen 2006).
Because precommercial thinning increases the spacingbetween trees, it helps to increase the temperature of
surface soil layers and offers more growing space, thus
increasing future growth and yield. Precommercial thin-
ning is usually seen as a costly silvicultural treatment. The
increasing use of energy wood coupled with forest bioe-
nergy incentives provides additional income that may off-
set the cost of precommercial thinning (Hakkila 2006;
Ministry of Agriculture and Forestry 2006). Therefore,
there is a need to investigate the optimal thinning regimes
when the energy wood harvest from precommercial thin-
ning is taken into account.
Forest management optimization has been well stud-
ied since the 1960s (Amidon and Akin 1968; Haight
and Monserud 1990; Valsta 1990; Hyytiäinen et al. 2004;
Pukkala 2011). Until recently, most numerical optimi-
zation studies in forestry focused on timber production.
This study attempts to integrate energy wood harvesting
into forest management optimization, and analyses the
energy wood harvest from precommercial thinning using
a simulation-optimization system for simultaneously op-
timizing timber and energy wood production.
The objectives of this study were: (1) to integrate bioe-
nergy production into forest management optimization,
(2) to develop a simulation-optimization tool OptiFor
Bioenergy for optimizing timber and energy wood pro-
duction, and (3) to demonstrate, through a case study
in young Scots pine stands, how various forest bioe-
nergy policies affect optimal thinning regimes, financial
returns, as well as wood quality.Methods
The optimization computations were conducted for 15
simulated pure Scots pine (Pinus sylvestris L.) stands.
The initial states (Table 1) are the same as those applied
earlier in background calculations made for Silvicultural
Recommendations in Finland (Hyytiäinen et al. 2006).
The diameter distributions were derived artificially by
site type, temperature sum, and initial stand density. The
investigated site types are CT (Calluna), VT (Vacci-
nium), and MT (Myrtillus) (Cajander 1909). The two
temperature sum regions are 1100 (T1100) and 1300
(T1300) day degrees (d.d.), and the initial stand densities
after completion of the silvicultural operations (tending
and slashing) 1500 and 3000 trees∙ha-1, respectively.
According to the 10th national forestry inventory in
Finland, Scots pine dominant stands are 65 % of total
forest land, in which pure Scots pine stands are 59 %.
The proportion of forest land on mineral soils by site
type are 2, 19 and 47 % for CT, VT, MT sites in the
south, and 5, 36 and 54 % for CT, VT, MT sites in the
north, respectively (Peltola and Ihalainen 2013). There-
fore, the initial states used in the present study are well
representative for Scots pine in Finnish conditions.
Table 1 Initial stand states of 15 simulated Scots pine stands
Plot ST H100 Age #tree BA Hdom
(m) (yrs) (m2∙ha−1) (m)
1 CT1300 17.3 29 1500 6.4 7.9
2 CT1300 17.6 29 2000 7.3 7.7
3 CT1300 17.5 29 3000 9.1 7.4
4 VT1100 18.2 27 1500 7.0 7.9
5 VT1100 18.4 27 2000 8.2 7.7
6 VT1100 18.4 27 3000 10.0 7.4
7 MT1100 22.1 23 1500 7.6 7.9
8 MT1100 21.9 23 2000 8.8 7.8
9 MT1100 21.5 23 3000 11.2 7.4
10 VT1300 25.7 23 1500 7.0 7.9
11 VT1300 25.4 23 2000 8.1 7.8
12 VT1300 24.8 23 3000 10.0 7.5
13 MT1300 28.3 20 1500 7.4 8.0
14 MT1300 27.9 20 2000 8.6 7.8
15 MT1300 27.3 20 3000 10.8 7.5
ST site type with temperature sum (d.d.), H100 dominant height at age 100 (m),
Age initial age (yrs), #tree number of trees per hectare, BA basal area (m2∙ha−1),
Hdom dominant height (m)
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model, PipeQual (Mäkelä 1997, 2002; Mäkelä and
Mäkinen 2003), as the stand growth simulator, and
models for predicting sawn wood grading of Scots pine
(Lyhykäinen et al. 2009), as the sawing simulator. The
process-based model was first linked with an economic
optimization model in Hyytiäinen et al. (2004). They
demonstrated that the standard Hooke and Jeeves’ direct
search algorithm (Hooke and Jeeves 1961) could be
successfully applied for the stand level problem formu-
lation that employs a detailed and computationally de-
manding process-based stand simulator.
The process-based model PipeQual is based on the
pipe model theory (Shinozaki et al. 1964) and the theory
of crown allometry (Mäkelä and Sievänen 1992). Tree
growth simulation by the PipeQual simulator consists of
branch, whorl, and tree levels. Tree structure is com-
posed of foliage, fine roots, stem, branches, and trans-
port roots. The whorl module describes the vertical
structure of stem and branches. The branch module
provides the annual dynamics of individual branches and
their properties in each whorl. Annual growth is calcu-
lated from tree photosynthesis and respiration. PipeQual
is an individual-tree model that describes the stand
structure using a list of tree records. For this application
the stands were represented by 10 size classes with one
representative tree and the number of trees in the class.
The number of trees in each sample tree class depends
on the initial stand density and other stand charac-
teristics, and evolves over time due to mortality andharvesting. No ingrowth is assumed to occur. The PipeQ-
ual is calibrated for different site qualities and temperature
sum regions by adjusting the allometric ratio between fine
root mass and needle mass (Hyytiäinen et al. 2004) and by
comparing the model outcomes for each initial state with
those from the empirical Motti simulator (Hynynen et al.
2005). More explicit description of the PipeQual simulator
as a dynamic system for stand management optimization
was presented in Hyytiäinen et al. (2004).
In this study, multinomial logistic regression models
for predicting yields of lumber grades and by-products
of individual Scots pine trees developed by Lyhykäinen
et al. (2009) were linked with the PipeQual simulator.
The sawn wood grading models use stem and crown
dimensions as explanatory variables. The proportion of
sawn wood grades is a function of the height of the
crown, the height of the lowest dry branch, tree diameter
at breast height, and stem volume. The end products of
Scots pine include centre (grades A, B, C and D) and
side (grades A, B, C and D) sawn timber, chips, bark,
sawdust, as well as pulpwood.
In order to integrate forest bioenergy production
into conventional stand management optimization, we
developed a simulation optimization tool OptiFor Bioe-
nergy from an earlier version OptiFor Carbon (Cao et al.
2010). The Hooke and Jeeves’ direct search algorithm
used in the OptiFor program has been widely employed
in stand management optimization because of the advan-
tage of its robustness (e.g. Haight and Monserud 1990;
Valsta 1990). The OptiFor simulation-optimization sys-
tem was tested by comparing the modified Osyczka’s
direct and random search (DRS) (Osyczka 1984) with a
random search (RS). The DRS algorithm is clearly more
efficient than the random search (Cao 2010). The result
of the comparison is consistent with Valsta (1990).
The objective function of the optimization problem is
based on the Faustmann (1849) formula. We formulated
the optimal thinning regime for energy wood and timber
production as a bound-constrained optimization prob-
lem (Eqs. 1, 2 and 3). The dynamic problem of stand
management is solved as static optimization using con-
trol variables. In this formulation, the state variables
x(t) (tree diameter, height, etc.) are not used in the
optimization algorithm. Instead, the state variable values
are computed inside the stand simulator, given initial
state x(t0). The bare land value of a stand is maximized
by changing the set of control variables u (time between
the i-1th and the ith thinnings, yrs) and H (thinning rate
hij in the jth tree size class at the ith thinning),max f u;H : x t0ð Þð Þ; ð1Þ
s:t: u ¼ u1;…; unþ1ð Þ; ui∈ 1; 25½  ð2Þ
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n3; hij∈ 0; 1½  ð3Þwhere f : En × E3→ E1 is the objective function for the
bare land value (BLV) of a thinning regime, En denotes
n-dimensional real Euclidean space, n is the number of
thinnings, n + 1 means final felling.
The BLV of a thinning regime for timber production
can be expressed as follows (Eq. 4):
BLV ¼
Xnþ1
i¼1
Xm
j¼1
Xl
k¼1
pkvijk−ci
" #
e−rti−c0
1−e−rtnþ1
; ð4Þ
where p denotes timber price, v refers to harvested
timber volume, l denotes timber categories, ci is the
logging cost at the ith harvest, c0 is the discounted
stand establishment cost, r denotes interest rate, and t
denotes stand age. The definition of thinning type is
defined by three thinning variables, which means thin-
ning rates in the first, the middle and the last tree size
classes are selected. The decision variables of thinning
type are then defined by linearly interpolating thinning
rate hij in the jth tree size class to other tree sizes.
The logging cost is a function of harvested volume,
productivity of felling, and on-site transport. Logging
costs are composed of felling and haulage (transporta-
tion) costs and a fixed cost. The logging cost model
by Kuitto et al. (1994) for timber production from
commercial thinning and final felling is based on the
time consumption equations for mechanized cutting
and forest haulage specification. More detailed descrip-
tion of Kuitto’s logging model was presented in Cao et al.
(2006). The productivity of mechanised cutting for energy
wood from early thinnings (stem wood) is based on a time
consumption model for a thinning harvester equipped
with an accumulating felling head (Laitila et al. 2004).
Laitila (2008) reported that such a two-machine system
(harvester-forwarder) is currently the most cost competi-
tive logging system for energy wood from early thinnings
in Finnish conditions. The logging cost parameters were
assumed as follows: terrain class one, average travel
distance 200 m, felling cost 75.67 €∙h−1, transportation
cost 53.35 €∙h−1, and fixed cost 100.00 €∙ha−1 (Cao et al.
2010).
When the first thinning is an energy wood harvest,
conventional logging will be applied from the second
thinning, and the energy wood logging cost (cE) and
volume v1j (harvested volume in the jth tree size class at
the 1st thinning) will be computed for the first thinning
(Eq. 5). The objective function of BLV (Eq. 4) will be
modified (III) by adding the net present value of energy
wood (NPVE), where pE denotes the energy wood price.NPVE ¼
Xm
j¼1
pEv1j−cE
" #
e−rt1 : ð5Þ
In this study, the interest rate, costs and roadside
prices are expressed in real terms. The roadside prices
assumed were 52.98, 26.24 €∙m−3 (Cao et al. 2010), for
sawlog, and pulpwood, respectively. The financial returns
(bare land value) were computed with a 3 % interest
rate. In addition, we assumed the energy wood price
of 15 €∙m−3, and conducted sensitivity analyses with
energy wood price 15, 20, 25 €∙m−3, and at 2, 3 and
4 % interest rates for stands 10 and 12, respectively.
The unit silvicultural costs assumed were 142, 600,
and 276 €∙ha−1 (Cao et al. 2010), for soil preparation,
sowing, and other silvicultural operations (tending
and slashing), respectively. It was assumed that soil
preparation had been done in the first year for all
stands. Sowing was carried out in the second year for
MT and VT sites. The least fertile CT site was assumed
to be regenerated naturally from seeds dispersed from
adjacent forest stands. It was also assumed that the tend-
ing of the seedling stands had been carried out at ages
20, 18, 15, 16, and 13 for stands 1–3, 4–6, 7–9, 10–12,
and 13–15, respectively.
Conventional forest management (Policy 0) was used
as a benchmark (the optimal policy for timber produc-
tion only) to compare with alternative policies for en-
ergy wood and timber production. Policy I was designed
for profitable energy wood harvesting, which means that
the first thinning will be treated as precommercial thin-
ning for energy wood production (small size trees from
precommercial thinning) if net income from energy
wood harvest is positive. In Policy II it was assumed
that the first thinning for energy wood production is
compulsory. In other words, no matter how unprofit-
able energy wood harvesting is, the first thinning is
always conducted as precommercial thinning.
Results
The optimal solutions indicate that a conventional for-
est management regime (Policy 0) was still optimal
for sparse stands (Fig. 1a and b). However, Policy II
(compulsory energy harvest) turned out to be optimal
for denser stands with an initial density of 3000 trees∙ha−1
(Fig. 1c). With Policy II, the number of thinnings was
reduced, and the rotation length was shortened slightly.
The most significant rotation change was for stand 12
(VT1300, 3000 trees∙ha−1) in which the rotation was
shortened by 20 years.
It is somewhat surprising that Policy I (economic har-
vest), which favours profitable energy wood harvesting,
was neither optimal for sparse nor optimal for dense
stands (Table 2). For denser stands (3000 trees∙ha−1),
Fig. 1 Basal area development based on optimal solutions for 15 Scots pine plots, with an initial density of 1500 (a), 2000 (b), and 3000 trees∙ha−1
(c), energy wood price 15 €∙m−3, interest rate 3 %
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For sparser stands (1500 trees∙ha−1), Policy I signifi-
cantly reduced thinning intensity to an unrealistically
low level, and brought the first thinning earlier (Table 3).
Thinning from below was optimal at the first thin-
ning for sparser stands (initial density 1500 trees∙ha−1)
with Policy 0. With Policy II, thinning from above
was optimal at the first thinning for dense stands with
an initial density of 3000 trees∙ha−1. The dominant
height at the first thinning for the energy wood har-
vest was lower than eight meters in fertile sites (stands 9,
12 and 15), but higher (9.7 m and 9.2 m for stands 3 and
6, respectively) in less fertile sites. The first thinning
with the energy wood harvest was clearly earlier than
conventional first thinning. With optimal energy woodTable 2 Bare land value (BLV, €∙ha−1) based on Policy 0
(conventional harvest), Policy I (economic harvest) and Policy II
(compulsory bioenergy harvest) for 15 Scots pine plots, energy
wood price 15 €∙m−3, interest rate 3 %
Plot P0 PI PII
1 876 853 839
2 801 779 783
3 717 714 730
4 481 473 443
5 413 403 407
6 302 343 350
7 1548 1519 1471
8 1440 1416 1412
9 1274 1297 1338
10 2400 2373 2341
11 2288 2241 2279
12 2088 2062 2188
13 3714 3623 3606
14 3638 3546 3553
15 3336 3336 3495
P0 Policy 0, PI Policy I, PII Policy IIharvesting, Policy I resulted in a later first thinning
compared to Policy II. The first thinning was post-
poned by 2–7 years (2, 6, 6 and 7 years for stands 3,
6, 9 and 12, respectively) except stand 15 (Table 3).
The maximized bare land values were higher systemat-
ically for lower initial densities from all combinations of
site type and temperature region (Table 2). Following
Policy 0 (conventional harvest), the higher bare land
values were obtained from fertile sites with a greater
temperature sum (Tables 1 and 2). Stand 13 from the
MT site with a temperature sum of 1300 (d.d.) resulted
in the highest bare land value (3714 €∙ha−1). Stand 6
from the VT site with a temperature sum of 1100 (d.d.)
led to the lowest bare land value (302 €∙ha−1). On the
same sites (the same site type and temperature sum),
sparse stands (stands 1, 4, 7, 10 and 13 with an initial
density of 1500 trees∙ha−1) resulted in greater financial
returns than denser stands.
Increasing energy wood price from 15 to 25 €∙m−3 re-
sulted in greater financial returns for the denser stand
12. However, for the sparse stand 10, the financial
returns were insensitive to a higher energy wood price
(Fig. 2). At a 2 % interest rate, the timing of energy wood
harvesting was also insensitive to energy wood price
(Fig. 3a). Nevertheless, at a higher interest rate, increas-
ing energy wood price postponed energy wood harvest-
ing (Fig. 3).
Our results reveal that a negative net income from en-
ergy wood harvesting might increase financial returns
for the whole rotation realized in later thinnings and the
final harvest. The net incomes of energy wood harvest-
ing were all negative for optimal solutions with Policy II,
even though a relatively high energy wood price of 15
€∙m−3 was applied. The net incomes from energy wood
harvesting were − 68.4,−141.1, 224.9,−293.5, and − 287.1
€∙ha1 for stands 3, 6, 9, 12, and 15, respectively. How-
ever, the total financial returns increased by 2–16 %
compared to Policy 0. With Policy II, financial returns
from fertile sites (stands 9, 12, 15) increased by 5 %, but
Table 3 Timing (Age, yrs), dominant height (Hdom, m) and intensity (Thinr, proportion of removed trees, %) of the first thinning based
on different energy wood policies for 15 Scots pine stands, interest rate 3 %
Note: Grey area means the 1st thinning is a precommercial thinning for an energy wood harvest
P0 Policy 0, PI Policy I, PII Policy II
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returns increased by 2 and 16 % for stands 3 and 6,
respectively).
According to our results, energy wood harvesting
somewhat reduced the proportions of sawn wood gradesFig. 2 Relative BLV (bare land value) based on P0 (energy wood price 0 €∙m
(1500 trees∙ha−1) and 12 (3000 trees∙ha−1), interest rates 2 (a) 3 (b) and 4 %for the most fertile site (stand 15, MT, T1300). However,
for the less fertile sites (stands 3, 6, 9, 12), the changes
were insignificant (Table 4). The highest reduction (from
63.55 to 51.83 m3∙ha−1), 1.17 % in the proportion of
sawn wood grades, was for the centre sawn wood of−3) and PII (energy wood prices 15, 20, 25 €∙m−3) for stands 10
(c)
Fig. 3 Timing of the 1st thinning based on Policy 0 (energy wood price 0 €∙m−3) and Policy II (energy wood prices 15, 20, 25 €∙m−3) for stands 10
(1500 trees∙ha−1) and 12 (3000 trees∙ha−1), interest rates 2 (a) 3 (b) and 4 % (c)
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sawn wood of grade A was slightly decreased by 0.06,
0.25, 0.26 and 0.45 % for stands 3, 9, 12, and 15, re-
spectively (Table 4).
Precommercial thinning clearly increased branch diam-
eter growth. Compared to Policy 0, Policy II resulted in
thicker branches, a higher crown base, and a lower
crown ratio at the second thinning (Fig. 4). Stands 9,
12, and 15 with earlier precommercial thinning (at
age 25, 25, and 22, respectively) had more significant
differences in branch thickness, crown base, and ratio
than stands 3 and 6 with later precommercial thinning
(at age 41 and 36, respectively). The most significant
changes in branch thickness and crown base appeared
in the most fertile site. The thickest dry branch increased
by 7 % (0.13 cm), and the height of the crown base
increased by 9 % (0.6 m) for stand 15 (H100 = 27.3 m).Discussion
Pukkala (2011) developed a simulation-optimization sys-
tem, in which carbon balances of harvested wood, endTable 4 Proportion of sawn wood grades (%) of total harvested vol
percentage changes (+/−%) of Policy II (compulsory energy harvest)
3000 trees∙ha−1), energy wood price 15 €∙m−3, interest rate 3 %
Sawn wood
grades
Stand 3 Stand 6 S
P0 PII P0 PII P
A-side 1.20 −0.06 2.24 +0.14 1
B-side 0.74 +0.01 1.30 +0.09 1
C&D-side 1.43 +0.02 1.56 +0.05 1
A-centre 7.50 +0.02 10.35 +0.51 9
B-centre 0.88 +0.04 1.47 +0.13 1
C&D-centre 0.01 +0.00 0.04 −0.01 0
A-D denote sawn wood grades, e.g. A-side means grade A (side sawn wood), C&D-c
P0 Policy 0, PII Policy IIuse of products, harvesting and processing releases, and
substitution effects were incorporated. In his study en-
ergy wood was collected only in clearcut, precommercial
thinning as energy harvesting was not taken into account.
Our results agree that the utilization of forest bioe-
nergy shortened the rotation length slightly as reported
in Pukkala (2011), but revealed a more significant change
(shortened 20 year) for stand 12 from the VT site in the
present study. This was caused by the optimal thinning
regimes in which two low thinnings were limited in
Pukkala (2011), while the present study allows more fre-
quent thinnings and more flexible thinning types that led
to longer rotation.
The requirement of positive harvest profit for the first
thinning is common in practical stand management.
Ahtikoski et al. (2008) also made this requirement when
evaluating the feasibility of energy wood harvests from
young stands. However, our optimization results reveal
that an energy wood harvest plays a more important role
as an investment in early thinnings. The profitability of
the first thinning depends on the unit costs of energy
wood harvesting and conventional logging technology,ume over the rotation with Policy 0 (conventional harvest), and
compared to Policy 0 for five Scots pine stands (initial density
tand 9 Stand 12 Stand 15
0 PII P0 PII P0 PII
.89 −0.25 2.06 −0.26 1.54 −0.45
.35 +0.37 1.89 −0.02 1.90 −0.22
.65 +0.14 1.69 +0.18 1,96 +0.03
.98 −0.07 10.34 +0.10 10.12 −1.17
.66 +0.65 2.26 +0.22 2.27 −0.07
.03 −0.01 0.05 0.02 0.02 0.01
entre means grades C and D (centre sawn wood)
Fig. 4 Crown ratio of dominant trees (a) and branch thickness (b) at the second thinning with Policy 0 and Policy II for five Scots pine stands
(initial density 3000 trees∙ha−1) by H100 (dominant height at 100 year, m), energy wood price 15 €∙m
−3, interest rate 3 %
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and sawlog. As illustrated in Fig. 5, the unit costs of en-
ergy wood harvesting and conventional logging decrease
with a lower number of stems and higher volume. How-
ever, the unit cost of energy wood harvesting is clearly
less sensitive to variations in stand density and volume.
In other words, energy wood logging is more competi-
tive when more small size stems are removed.
The effects of precommercial thinning on growth and
yield have been investigated based on thinning experi-
ments for conifer cultures, such as Scots pine (Ruha and
Varmola 1997; Varmola and Salminen 2004; Huuskonen
and Hynynen 2006), balsam fir (Pothier 2002), and lodge-
pole pine (Johnstone 2005). In general, our results on
the effects of early thinnings on growth and yield were
in line with earlier empirical studies for Scots pine
(Mäkinen and Isomäki 2004; Varmola and Salminen
2004; Huuskonen and Hynynen 2006). We contribute
to this literature by extending the analysis over the
whole rotation period and optimizing the timing andFig. 5 Unit logging costs of energy wood harvesting (a) and conventionalintensity of the thinnings with the option of an energy
wood harvest for the first thinning.
Many forest managers expect greater sawlog volume
increment and shorter rotations after a stand has been
precommercially thinned (Pothier 2002). It has been re-
ported that the strategy of precommercial thinning de-
pends on the aims of stand management, such as even
spacing, high yield, or both quality and yield (Vuokila
1972; Ruha and Varmola 1997; Varmola and Salminen
2004). Ruha and Varmola (1997) stated that the intensity
of precommercial thinning depends on the aim of the
first commercial thinning. Our results confirmed that
optimal thinning regimes vary with different forest bioe-
nergy policies. In contrast to Ruha and Varmola (1997),
in the present study the whole rotation was taken into
account, not only the first commercial thinning. The
positive effects of precommercial thinning on diameter
and volume growth at the first commercial thinning were
reported for balsam fir by Pothier (2002), and for lodge-
pole pine by Johnstone (2005). However, they pointedthinning (b)
Cao et al. Forest Ecosystems  (2015) 2:19 Page 9 of 10out that there were no significant differences in mer-
chantable volume at maturity (Pothier 2002) or, even
after 20 years (Johnstone 2005). Meanwhile, Pothier
(2002) found that the effect of precommercial thinning
on rotation length depends on the management goals.
This is supported by the results of the present study.
With Policy II, the rotation length was somewhat short-
ened for dense stands.
Huuskonen and Hynynen (2006) reported that early
and light precommercial thinning (Hdom 3 m, to a dens-
ity of 3000 trees∙ha−1) significantly increased the first
commercial thinning removal by 40 %. Postponing the
first commercial thinning by 10 years, increased the
present value of the stumpage revenues by 65 % at a 4 %
interest rate (Huuskonen 2008). According to Varmola
and Salminen (2004), precommercial thinning to 1600
and 2200 trees∙ha−1 was moderate. Our results confirmed
that early energy wood harvesting increased financial
returns for dense stands (with an initial density of 3000
trees∙ha−1) by 2–16 % at a 3 % interest rate (Table 2). The
intensity of energy wood harvesting was in the range of
40–51 % (Table 3), and the density after energy wood
harvesting was close to the target density recommended
by Varmola and Salminen (2004).
Precommercial thinning has positive effects on growth
and yield. On the other hand, it might also result in
negative effects on wood quality. Precommercial thin-
nings create more growing space and accelerate tree
growth and, consequently, branch growth. This lowers
timber grades for timber production from commercial
thinnings and final felling. Economic analysis of thinning
regimes and timber quality has been conducted for Scots
pine (Hyytiäinen et al. 2004). Precommercial thinning
was excluded in their studies. Positive effects of pre-
commercial thinning on diameter growth and branch
development have been reported for jack pine (Tong
and Zhang 2005) and Scots pine (Varmola and Salminen
2004; Fahlvik et al. 2005). Their studies lacked financial
information. Compared to earlier studies, our optimi-
zation results show that the differences in the effects of
precommercial thinning on the end products’ distri-
bution were not significant. However, in this study,
price differences between sawn wood grades were not
considered and an average sawlog price was used.
There are several limitations of the data and models
used in this study. In energy wood harvesting prac-
tice, young stands from which energy wood is har-
vested, stand densities clearly exceed 3000 trees∙ha−1.
In addition, a significant proportion of removed stem
number may comprise broadleaved tree species, espe-
cially on fertile sites, but the dynamics of these mixed
stands is beyond the scope of the present study of
even-aged stand management. The constraint of thin-
ning rate formulated in our optimization problem allowsextremely heavy thinning. Such heavy thinning led to a
low stand density, and may increase the risks of wind and
snow damages. On the other hand, natural regeneration is
likely to occur when such low stand density is kept for a
long time. Nevertheless, the ingrowth model was excluded
in the PipeQual simulator. Future studies which link
natural hazard models with the OptiFor system may pre-
vent heavy thinning and improve the applicability of
optimization results.
Energy wood production may lead to biomass losses.
Interactions between energy wood production and car-
bon sequestration have been reported recently (Alam
et al. 2010; Melin et al. 2010; Mangoyana 2011; Pukkala
2011). These effects are beyond the scope of the present
study. Future numerical studies including forest bioe-
nergy production and carbon benefits, and wood quality
would be interesting topics as well.
Conclusions
According to our optimization results, it is optimal to
carry out the first thinning as an early energy wood har-
vest (Policy II) for initially dense stands. For sparse stands,
it is optimal to follow conventional forest management
regimes (Policy 0). In addition, we found that a constraint
of profitable energy wood harvest (Policy I) is not rational
and may lead to a very early timing and extremely low in-
tensity of the first thinning. This was caused by a thinning
strategy that aimed at minimizing the negative outcome
of a conventional first thinning.
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